ABSTRACT: Steam reforming of glycerol to produce syngas or H 2 -enriched streams is a 12 promising route that has caught the attention of many researchers around the world. This reaction 13 is typically carried out over metal-based catalysts supported on stable materials. Herein we report 14 a study on the effect of Sn on the catalytic properties of Pt/C in the aforementioned reaction. A 15 series of Pt-Sn/C catalysts with different Pt:Sn ratios were prepared and characterized using ICP, 16 H 2 -TPR, TEM and XPS techniques, and they were tested in the glycerol steam reforming 17
estimated by calculating the integral of each peak, after subtracting the S-shaped background, 105
and by fitting the experimental curve to a combination of Lorentzian (30%) and Gaussian (70%) 106 lines. The binding energy (BE) of the C l s peak of the support at 284.6 eV was taken as an 107 internal standard. The accuracy of the BE values is ± 0.2 eV. Samples were reduced "ex-situ" in 108 flowing H 2 for 2 h at 523 K and conserved in octane before the analysis. Conventional TEM 109 analysis was carried out with a JOEL model JEM-210 electron microscope working at 200 kV 110 and equipped with a INCA Energy TEM 100 analytical system and a SIS MegaView II camera. 111
Samples for analysis were suspended in methanol and placed on copper grids with a holey-112 carbon film support. Catalysts were analysed before (samples reduced at 523 K, 2h) and after 113 being used in the glycerol steam reforming reaction. 114 115
Catalytic tests 116
The catalytic behaviour of the prepared catalysts in the glycerol steam reforming reaction 117 was evaluated under mild and harder reaction conditions in a fixed bed reactor (Microactivity 118 Refererence). Prior to the activity test, catalysts were in-situ reduced under 50mL/min of H 2 at 119 523 K during 2 h. Then, the H 2 stream was changed to He, and the temperature was risen up to 120 that of the reaction test, 623 or 673 K. The reaction was carried out at atmospheric pressure, with 121 a feeding (0.05 mL/min) containing 10 or 30% w/w glycerol in water. This 10% w/w glycerol 122 feed composition is similar to that of the glycerol residue obtained from the biodiesel production 123 process after alcohol removal and acid neutralization of the glycerol fraction. Activity tests were 124 performed using 0.200 g of catalyst diluted with SiC, to avoid thermal effects. The composition 125 of the gas stream exiting the reactor was determined by gas chromatography (AgilentTechnologies), with two columns (Carboxen-1000 and Porapak-Q) and two detectors (FID and 127
TCD). 128
The catalytic performance was evaluated in terms of conversion into gaseous products 129 (based on a carbon balance between the inlet and the outlet of the reactor), selectivity to main 130 reaction products (where "i" is CO 2 , CO and CH 4 ) and also hydrogen yield, which were defined 131 as: Table 1 presents the results of ICP analysis of the Pt content of the different catalysts. It 139 can be seen that the actual metal loading is very close to the nominal one in all cases, this 140 evidencing the efficiency of the impregnation method. Unfortunately, the analysis method used 141 did not allow for the determination of the Sn content due to the volatility of the SnCl 4 formed 142 during the digestion process. Thus, these values were estimated by XPS analysis. 143 144 % Conversion = C in the gas products C fed into reactor · 100 % "i" selectivity = "i" produced experimentally C atoms in the gas products · 100 % H 2 Yield = H 2 produced experimentally H 2 calculated according to Eq (1) · 100
Chemical analysis 138

X-ray photoelectron spectra (XPS) 145
The binding energies of the Pt 4f 7/2 and Sn 3d 5/2 levels for the catalysts reduced in flowing 146 hydrogen at 523 K for 2 h are reported in Table 1 . XPS results show that Pt is completely 147 reduced in all the catalysts, as the spectra show only one peak centred at 71.3 eV, which is 148 assigned to metallic Pt. It is noteworthy to mention that a small shift to lower binding energies 149 can be observed in the PtSn/C catalysts compared to the monometallic Pt/C catalyst. This shift 150 may indicate the formation of Pt-Sn alloy phases, as the differences in electronegativity of Pt and 151
Sn could lead to charge transfer from the less-electronegative Sn to the more-electronegative Pt 152 readily assessed by XPS [22, 23] . It has also to be taken into account that the use of a relatively 158 inert support such as carbon decreases the possibility of a strong interaction between the tin 159 precursor and the support, this facilitating the Pt-Sn interaction and the formation of Pt-Sn alloy 160 phases [24] . Results obtained for the Pt/Sn atomic ratios are also presented in Table 1 . They 161 confirm that the intended amount of tin has been deposited. 162 163 3.3 Transmission electron microscopy (TEM) 164 Fig. 1 shows the TEM images of all samples, before and after being used in the glycerol 165 steam reforming reaction (623 K, 1 atm, 10% w/w glycerol). It can be seen that before thereaction, (left column) platinum and tin particles are well dispersed on the carbon support, with a 167 homogeneous distribution of the active phase over the catalyst's surface and no agglomerations 168 being observed. It is important to point out that it was not possible to distinguish between Pt and 169 Sn, as both species appear in the images as dark dots. 170 TEM micrographs and particle size distribution of all catalyst were also taken after 171 reaction (right column) and some agglomerations can be observed in this case. It can be seen that 172 a considerable sintering of the metal particles has been produced to different extents depending 173 on the sample. In this way, it is noteworthy to note that agglomerations in the tin-containing 174 catalysts are less evident than in the monometallic Pt/C catalyst, and a lesser amount of 175 agglomerates are formed when the amount of tin in the catalyst is increased. This indicates that 176
Sn provides a stabilizing effect on the Pt particles avoiding their sintering, as it has also been 177 observed in other works [15, 25] . Under these conditions, the presence of coke is not observed. It 178 is well known that Sn inhibits the reactions leading to the formation of coke precursors, and 179 improves in this way the stability of the catalysts under reaction conditions [24] . Based on the reduction profiles shown, and considering that the reduction treatment 207 applied previously to the reforming reaction is carried out at 523 K, we can assume that the 208 bimetallic catalysts are, before reaction, composed of metallic Pt, a fraction of oxidized tin 209 species (Sn (II)/Sn (IV)) and metallic Sn, likely forming alloy phases with Pt. This conclusion is
Catalytic behaviour 212
The catalytic behaviour of the prepared catalysts in terms of gas phase conversion as a 213 function of time on stream, after being reduced at 523 K, is reported in Fig. 3 . The steam 214 reforming of glycerol was performed at atmospheric pressure, 623 K and 0.05 mL/min of a 10% 215 w/w of aqueous glycerol solution. The gas phase analysis was carried out every 30 min by on 216 line chromatography. The results presented are the average of three experiments with very good 217 reproducibility (error of ±3%). A blank run without catalyst was also performed, and negligible 218 glycerol conversion was obtained. 219
The gas phase conversions, after an initial increase during the first 2-3 h on stream, were 220 stable during the period of time studied (7.5 h). For the monometallic catalyst, Pt/C, and the 221 bimetallic catalysts with low tin content (Pt-Sn/C (50:1) and Pt-Sn/C (10:1)) the conversion was 222 complete, with all the glycerol solution being transformed to gaseous products. A decrease of the 223 gas phase conversion was observed with the increase of the tin content in the samples. For Pt-224
The composition of the gas phase product stream is reported in Table 2 . These results 235 were obtained when the conversion reached a stable value, after 5 h on stream. It can be 236 observed in Table 2 that the H 2 /CO molar ratio is close to 1 for the monometallic catalyst and for 237 the bimetallic catalysts with low Sn contents. For the samples with higher Sn content an increase 238 of this ratio was observed, reaching a value of 3.56 for the Pt-Sn/C (1:5) catalyst. Furthermore, 239 the CO/CO 2 molar ratio tends to decrease with increasing the amount of tin in the catalysts. 240
These results point to an enhancement of the water-gas shift reaction, which would be 241 Values for the CH 4 /H 2 molar ratio in Table 2 show that methane formation is very low for 250 all catalysts. In fact, nearly no methane was produced by the catalyst with the highest amount of 251 tin, Pt-Sn/C (1:5). The low methane formation is indicative of the role of tin in inhibiting 252 hydrogenation reactions between CO/CO 2 and the H 2 formed [15] . 253
The H 2 , CO, CO 2 and CH 4 selectivities (after 5 hours of reaction, time when catalytic 254 activity is stable) are presented in Fig. 4 . The effect of tin is clearly observed. The CO 2 255 selectivity slightly increases with the amount of Sn while the CO selectivity decreases. Thischange is more pronounced with the Pt-Sn/C (1:5) catalyst, so the Sn addition in large amounts 257 promotes the CO oxidation producing H 2 -rich gas streams and not streams for syngas. 258
Furthermore the H 2 selectivity increases with Sn addition except for the catalyst with the highest 259 amount of Sn, but this could be explained as due to the low conversion to gas phase and the 260 possible H 2 consumption in the formation of liquid products. 261
Finally, considering the above results a stability test (not shown) was carried out with the 262 Pt/C and Pt-Sn/C (1:1) catalysts, in order to determining the effect of tin during longer reaction 263 (24 hours) in the same temperature conditions (623 K). In both cases, the conversion to gas phase 264 products remained stable during all the experiment. 265
In view of these results, it was decided to test these catalysts under harder reaction 266 conditions: higher temperature (673 K) and a more concentrated of glycerol feed solution (30% 267 w/w glycerol in water). The results of these experiments are shown in Fig. 5 . 268
Under these conditions the monometallic Pt/C was nearly inactive, producing only about 269 5% conversion in the first hour on stream. In contrast, for the bimetallic catalyst Pt-Sn/C (1:1) 270 the conversion decreased with respect to reaction under milder reaction conditions (78% versus 271 50%), but an excellent performance stability, for almost 10 hours on stream, was obtained under 272 these harder reaction conditions. Furthermore, the H 2 , CO, CO 2 , CH 4 selectivities and H 2 yield 273 for PtSn(1:1)/C are presented in Figure 6 . Despite the lower conversion in these conditions, H 2 274 selectivity remains high with low methane formation. 275
The formation of coke is favoured at high reaction temperature and with high glycerol 276 concentration in the feed stream. This fact can explain the fast deactivation of the Pt/C catalyst, 277 which showed a good activity and stability under milder reaction conditions. It is well knownthat Sn is able to inhibit coke formation reactions in processes such as the dehydrogenation of 279 hydrocarbons [24] . Thus, by electronic and/or geometric effects Sn is able to modify the catalytic 280 properties of Pt, inhibiting reactions that form coke precursors and, thereby, improving the 281 stability of the catalyst. The effect of Sn may be similar in the reforming reaction of glycerol. 282
Probably a strong Pt-Sn interaction (as indicated by the results of TPR, Fig. 2 ) inhibits reactions 283 that produce olefins (coke precursors) during glycerol reforming. Furthermore, Sn has also a 284 textural promoter effect, inhibiting the sintering of Pt particles (as shown by TEM photographs) 285 at these higher reaction temperature conditions. Nevertheless, it has to be taken into account that 286 the beneficial effects of the presence of Sn become detrimental if a too high amount of this 287 promoter is present, as the amount of active Pt surface sites decrease and, thus, the catalytic 288 activity. 289 290
Conclusions 291
The effect of Sn addition to Pt/C catalyst with different Pt:Sn ratios was investigated in 292 the glycerol steam reforming reaction. XPS and TPR-H 2 data revealed the close proximity and 293 strong interaction between Pt and Sn. TEM images showed that metal agglomerations in the tin-294 containing catalysts were less evident than in the monometallic Pt/C catalyst, and a lesser 295 amount of agglomerates were formed when the amount of tin in the catalyst is increased. 296
Regarding catalytic tests, a good behaviour in terms of activity and stability was obtained 297 with bimetallic PtSn/C catalysts with low Sn/Pt ratios, both under mild reaction conditions (10 298 wt% glycerol and 623 K) and under more severe conditions (30 wt% glycerol and 673 K). It was 299 found that Sn promotes the CO oxidation reaction producing H 2 -rich gas streams. Furthermore,the H 2 selectivity increased with low Sn/Pt ratios. Sn is also able to inhibit coke formation 301 reactions and hinder Pt sintering, thereby improving the stability of the catalyst. 
